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The mechanisms required for cGMP-induced Ca2/ release in the sea urchin egg were investigated using both egg homoge-
nates and intact eggs. The postulated pathway of cGMP-dependent protein kinase (PKG) activation of ADP-ribosyl cyclase
for production of cADPR to activate the ryanodine receptor Ca2/ channel was tested with a variety of activators (cGMP
analogs and cIMP) and inhibitors (Rp-8-pCPT-cGMPS, 3-aminopyridine NAD, nicotinamide, and spermine). Our observa-
tions are consistent with Ca2/ release by cGMP in the egg being dependent on an isoform of PKG that is distinct from the
mammalian enzyme. PKG activity in the sea urchin egg was activated by cIMP, but was insensitive to cGMP analogs,
which are potent activators of mammalian isoenzymes. Surprisingly, it appears the activation of the cGMP-dependent
Ca2/ release pathway was unnecessary during fertilization. Inhibitors of either PKG or ADP-ribosyl cyclase activities did
not prevent the transient rise in intracellular Ca2/ activity in heparin-loaded eggs during fertilization. These results suggest
the synthesis of cADPR during fertilization is not necessary for regulating the Ca2/ event. q 1996 Academic Press, Inc.
INTRODUCTION InsP3 receptor (Parys et al., 1994). InsP3-induced Ca2/ release
during sea urchin fertilization is suggested by the observa-
The regulation of cytoplasmic Ca2/ activity ([Ca2/]i) in a tions of an increased turnover of polyphosphoinositides
wide variety of cells is well established as an important (Turner et al., 1984; Kamel et al., 1985; Ciapa and Whitaker,
event during signal transduction of numerous external 1986) and a transient rise in [Ca2/]i by microinjection of
stimuli. Often the principal source of Ca2/ is from organ- InsP3 (Whitaker and Irvine, 1984). InsP3-independent Ca2/
elles, which is generally dependent on either of two types of release during fertilization is suggested by the occurrence
intracellular Ca2/ release channels that bind inositol 1,4,5- of a transient rise in [Ca2/]i in eggs, which were preloaded
trisphosphate (InsP3) or ryanodine (Berridge, 1993). A propa- with 0.1±0.3 mg/ml heparin (Rakow and Shen, 1990; Cros-
gated wave of intracellular Ca2/ release characterizes the sley et al., 1991). Heparin is a competitive and potent inhibi-
fertilization response of eggs from invertebrates to mam- tor of InsP3-dependent Ca2/ release (Ghosh et al., 1988) and
mals (Jaffe, 1991). The transient rise in [Ca2/]i is both neces- InsP3 binding (Worley et al., 1987). The sea urchin egg also
sary and suf®cient for metabolic activation of the quiescent contains a caffeine- and ryanodine-sensitive Ca2/ release
unfertilized sea urchin egg (Whitaker and Steinhardt, 1985). mechanism (Galione et al., 1991; Buck et al., 1992).
Despite the signi®cance of the propagated wave of intracel- The two mechanisms were proposed to be redundant to
lular Ca2/ release, we still do not understand how the rise ensure the occurrence of an increase in [Ca2/]i during the
in [Ca2/]i is generated during fertilization. The sea urchin fertilization reaction in sea urchin eggs. Inhibitors of both
egg contains speci®c proteins recognized by an antibody InsP3-sensitive and ryanodine-sensitive intracellular Ca2/
against the skeletal muscle type 1 ryanodine receptor (Mc- release mechanisms were reported to be necessary to block
Pherson et al., 1992) and an antibody against the type I the rise in [Ca2/]i during fertilization (Galione et al., 1993a;
Lee et al., 1993). There may be some uncertainty for the
dual redundant role of InsP3-dependent and -independent1 To whom correspondence should be addressed. Fax: (515) 294-
8457. E-mail: S_Shen@molebio.iastate.edu. Ca2/ release during fertilization. In one report (Galione et
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al., 1993a), ryanodine-dependent Ca2/ release was inhibited ized, with several agonists and antagonists, the b-NAD/-
dependent, cGMP-induced Ca2/ release in egg homogenateswith ruthenium red, which only partially blocks the action
of ryanodine in intact eggs (Buck et al., 1992). In the other and extended the observations to intact eggs. We have di-
rectly examined the possible requirement for elements ofreport (Lee et al., 1993), eggs were preloaded with 4.7 mg/
ml heparin, which alone would be suf®cient to inhibit all the cGMP-dependent pathway in the transient rise in [Ca2/]i
in eggs during the fertilization response by simultaneouslyparameters of Ca2/ release in sea urchin eggs during the
fertilization reaction (Mohri et al., 1995). blocking the InsP3-mediated Ca2/ release with heparin. We
report that although the cGMP-induced Ca2/ release ap-Unlike the well-known InsP3 signaling pathway (Berridge
and Irvine, 1992), the regulation of ryanodine-sensitive Ca2/ pears to rely on the PKG and ADP-ribosyl cyclase activities
in both egg homogenates and intact eggs, our results are notrelease remains unclear (Lee, 1994). The naturally occurring
cyclic ADP-ribose (cADPR) has been suggested as the endog- consistent with redundant dual Ca2/ release mechanisms
during fertilization. Inhibitors of PKG and ADP-ribosyl cy-enous agonist of the ryanodine receptor Ca2/ channel (Gali-
one, 1992; Galione and White, 1994), although the signi®- clase did not block the transient rise in [Ca2/]i during the
fertilization response of eggs preloaded with 0.7±1.0 mg/cance of cADPR is uncertain (Sitsapesan et al., 1995). In
order to establish cADPR as a physiological signal molecule, ml heparin. Portions of the data presented here have been
published previously in abstract form (Lee and Shen, 1994).a transduction pathway from insemination to cADPR pro-
duction is necessary. Guanosine 3*:5*-cyclic monophos-
phate (cGMP) has attracted attention because microinjec- MATERIALS AND METHODS
tion of cGMP into the unfertilized sea urchin egg triggers
Preparation of Gametes and Solutionsa transient [Ca2/]i rise, which closely resembles the [Ca2/]i
transient during fertilization in both kinetics and amplitude Eggs and sperm of the sea urchin Lytechinus pictus were obtained
by injection of 0.5 M KCl into the coelomic cavity. The sea urchins(Swann et al., 1987; Whalley et al., 1992). The action of
were purchased from Marinus, Inc. (Long Beach, CA) and werecGMP is InsP3-independent and absent in digitonin-perme-
maintained in Instant Ocean culture with biweekly feeding of Mac-abilized eggs, which suggested that a key molecule has
rocystis. Eggs were shed into arti®cial seawater (ASW) of the follow-leaked from the permeabilized eggs (Whalley et al., 1992).
ing composition: 470 mM NaCl, 10 mM KCl, 11 mM CaCl2, 29The missing molecule in the digitonin-permeabilized sea
mM MgSO4, 27 mM MgCl2, and 5 mM NaHCO3, pH 8. The jellyurchin eggs is likely to be b-NAD/, because the addition of coats were removed from the eggs by several passages through ®ne-
b-NAD/ restores cGMP-induced Ca2/ release in egg homog- mesh silk and they were washed twice in ASW. Dejellied eggs were
enates (Galione et al., 1993b). Protein kinase inhibitors with used at once for making homogenates or kept in suspension by
broad speci®cities blocked the b-NAD/-dependent Ca2/ re- constant stirring at 60 rpm at 16±187C until use for single cell
lease by cGMP in egg homogenates and it has been proposed recordings. The sperm were kept dry at 47C. For insemination of
intact egg recordings, 0.05 ml of freshly diluted sperm at 107(Galione et al., 1993b) that cGMP through cGMP-dependent
sperm/ml were placed 5±10 mm from the egg. The ¯uorescentprotein kinase (PKG) activates ADP-ribosyl cyclase, which
chromophores ¯uo-3, fura-2, and BCECF-dextran (Mr , 40,000) weremetabolizes b-NAD/ to cADPR that opens the ryanodine
purchased from Molecular Probes (Eugene, OR). Fluo-3 was dis-receptor Ca2/ channels in sea urchin eggs.
solved in homogenization buffer (250 mM N-methylglucamine, 250This signal transduction pathway intrigued us because of
mM K gluconate, 20 mM Hepes, 1 mM MgCl2, pH titrated to 7.2its novelty and possibility for testing the presence of dual with acetic acid) with addition of 100 mM EGTA. Fura-2 and
redundant Ca2/ release in sea urchin eggs during fertiliza- BCECF±dextran were prepared in intracellular buffer (220 mM K
tion. Regulation of [Ca2/]i by cGMP has been suggested in acetate, 500 mM glycine, 40 mM NaCl, 100 mM EGTA, and 20 mM
other cell systems, including Xenopus oocytes (Dascal and Tris, pH 6.9). Stock solutions of other chemicals were prepared in
Landau, 1982) and Medaka eggs (Iwamatsu et al., 1988). homogenization buffer with 100 mM EGTA or intracellular buffer
for egg homogenate or microinjection studies, respectively. InsP3The regulation of ion channel conductances in sensory cells
and the Ca2/ ionophore, Br-A23187, which was dissolved in DMSO(Kaupp, 1991) and relaxation of tension in smooth muscles
at 5 mM, were obtained from Calbiochem (La Jolla, CA). Low-(Lincoln, 1989) by cGMP are well established. It has been
molecular-weight (MW 6000) heparin (H2149 and H5640) wasrecognized that nitric oxide stimulates the soluble form of
purchased from Sigma Chemical Co. (St. Louis, MO). (Rp)-8-(para-guanylate cyclase and increases the level of cGMP (Bredt
chlorophenylthio)Guanosine 3*,5*-cyclic monophosphate ((Rp)-8-
and Snyder, 1989), which may be responsible for eliciting a pCPT-cGMPS) was purchased from BIOLOG (La Jolla, CA) and pre-
variety of physiological responses. An early increase in pared in 50% homogenization buffer or intracellular buffer and
cGMP in the sea urchin egg during fertilization was recently 50% DMSO (v/v). Cyclic ADPR was purchased from Amersham
reported (Ciapa and Epel, 1996), which could be mimicked (Arlington Heights, IL). The cGMP analogs were kindly provided
by application of nitric oxide (Willmott et al., 1996). Inhibi- by Drs. S. H. Francis and J. D. Corbin (Vanderbilt University). All
other chemicals were purchased from Sigma.tion of cGMP production and action did not appear to block
the Ca2/ transient during fertilization, presumably due to
Preparation of Egg Homogenates and Ca2/ Releasecompensation by the InsP3-induced Ca2/ release (Ciapa and
AssayEpel, 1996). This study presents a more in-depth investiga-
tion of the enzymatic links in the cGMP-induced Ca2/ re- Homogenates of unfertilized sea urchin eggs were prepared with
slight modi®cations of previously published procedures (Buck etlease pathway in sea urchin eggs. We have further character-
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al., 1994). Dejellied eggs were washed once in ASW, twice in Ca2/-
free ASW containing 1 mM EGTA, twice in Ca2/-free ASW, and
once in homogenate buffer and resuspended at 10% (v/v) in homog-
enization buffer with additions of 25 mg/ml leupeptin, 20 mg/ml
aprotinin, 100 mg/ml soybean trypsin inhibitor, 4 units/ml creatine
kinase, 100 mM ATP, and 8 mM phosphocreatine. The suspension
was chilled on ice and homogenized with ®ve strokes of a Dounce
homogenizer with a type A pestle, and homogenates were centri-
fuged for 14 sec at 13,000g at 47C. The supernatant was collected
and stored at 0707C until use. Frozen homogenates were thawed
in a water bath at 207C for 10 min, diluted to 5% (v/v) with homoge-
nization buffer with additions as previously described, and incu-
bated at 207C for 2 hr. Before use the Ca2/ indicator ¯uo-3 was
added at 3 mM. The cuvette contents were maintained at 207C
and ¯uorescence was measured at 510 nm excitation and 530 nm
emission (5 nm bandpass) using an Aminco SLM 500C spectro¯u-
orometer (Urbana, IL). Inhibitor or vehicle was added to the egg
homogenate at the desired concentration at 10 min before re-
cording. b-NAD/ and various Ca2/ mobilizing agents were added
to the egg homogenate, while monitoring ¯uorescence changes. At
the end of each recording, 5 mM Br-A23187 was added to calibrate
the total releasable Ca2/ (Catotal) in the egg microsome preparation.
The total volume of additions was less than 2% of homogenate
volume (0.6 ml) unless indicated.
Microinjection Procedures and Fluorometric
Monitoring of [Ca2/]i
FIG. 1. Ca2/ release by cGMP or cIMP in egg homogenates. Ca2/Microelectrodes for microinjection were pulled on a Narishige
release in the microsome preparation was measured as increasingPE-2 puller (Narishige, Japan) from 1 mm (o.d.) 1 0.8 mm (i.d.)
relative ¯uorescence of ¯uo-3 in the cuvette. In all recordings 10Pyrex glass tubings (Drummond Scienti®c, Broomall, PA), heated
mM b-NAD/ was added at t 50 sec of the recording. Subsequentlyto 2007C, and silane-treated by exposing to hexamethyldisilizane
at t  100 sec of the recording, either (A) 25±100 mM of cGMP orvapors. The electrode tips were ®lled with intracellular buffer con-
(B) 50 or 100 mM cIMP was added. At the end of all recordings, 5 mMtaining one or more of the following: 10 mM fura-2, 125 or 250
Br-A23187 was added to calibrate the total releasable Ca2/ (Catotal)mg/ml heparin, 10 mg/ml BCECF±dextran, 10 mM cGMP or ana-
in each microsome preparation. For simplicity, Catotal is shown onlylogs, 25 mM 3-aminopyridine nicotinamide adenine dinucleotide
in (A), but in nearly all recordings Catotal was normalized to a rela-(3-AP NAD) and 50 mM (Rp)-8-pCPT-cGMPS. Microelectrode pro-
tive ¯uorescence of 9.5. These records are typical of three (A) andcedures and ¯uorimetric monitoring of [Ca2/]i were similar to those
eight (B) experiments.previously published (Buck et al., 1994). The injection volume was
estimated using dye dilution (Lee, 1989) by measuring the ¯uores-
cent emission of fura-2 or BCECF±dextran at 535 nm to excitation
at 380 or 440 nm, respectively, and comparing the ¯uorescence in a delayed release of Ca2/ (Fig. 1A). At 10 mM b-NAD/
intensity to a dilution standard in intracellular buffer with 100 nM
the Ca2/ responses of 50 mM cGMP and 100 mM cGMP werefree Ca2/. The total injected volume was less than 1.5% of the egg
similar in both amplitude of the Catotal (37.5 { 8.2% andvolume. The [Ca2/]i of injected eggs was continuously monitored
40.2 { 12.9%, respectively, n  3) and the time to reachby the 340/380 ¯uorescence ratio for fura-2-loaded eggs (Grynkie-
the peak level (Tpeak , 6.6{ 0.8 and 5.7{ 2 min, respectively).wicz et al., 1985). The 340/380 ¯uorescence ratio was collected at
A lower concentration of 25 mM cGMP also induced a Ca2/2 Hz and calibrated by determining Rmin and Rmax. All recordings
were made at 187±217C and experimental data are expressed as rise that was smaller (25.6 { 8.8% of Catotal) and slower
means { SD. (Tpeak  12 { 5.6 min, n  3), and thus 50 mM was chosen
for further studies on the Ca2/ releasing activity of cGMP.
Ca2/ release by cGMP has been proposed to be mediated
by production of cADPR through cGMP-dependent proteinRESULTS kinase (PKG) regulation of ADP-ribosyl cyclase activity and
the opening of ryanodine receptor Ca2/ channels by cADPR
(Galione et al., 1993b). The proposed cGMP-induced Ca2/The addition of cGMP triggers a release of Ca2/ in sea
urchin egg homogenates supplemented with b-NAD/ (Gali- release pathway is schematized in Fig. 2, which also illus-
trates the purported site of action of the activators and in-one et al., 1993b). Separate additions of either 10 mM b-
NAD/ or 50 mM cGMP had little effect on Ca2/ release in hibitors of the proposed pathway that were tested in this
report.5% egg homogenate, but their sequential additions resulted
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homogenates only 8-Br-1,N2-PET-cGMP induced a slight
Ca2/ mobilizing activity (7.6% of Catotal) in one of three
recordings at a concentration of 12 mM, which is 900-fold
greater than its Ka to the type 1a PKG. The effect of these
four cGMP analogs on Ca2/ homeostasis was also tested by
microinjecting them into intact eggs. No Ca2/ response in
sea urchin eggs was observed following injection of speci®c
type 1a PKG activators. A Ca2/ response was observed in
some recordings subsequent to injection of types 1a and 1b
PKG activators. Microinjection of 20±30 mM 1,N2-(4-CH3O-
PET)-cGMP caused a slight rise of intracellular Ca2/ activity
([Ca2/]i) to a peak level of 0.81 { 0.24 mM (n  3) over a
duration of about 135 sec in 3 of 10 eggs. Microinjection
of 10±25 mM 8-Br-1,N2-PET-cGMP had the most dramatic
effect on Ca2/ regulation. A delayed increase in [Ca2/]i was
recorded in 10 of 22 injected eggs. In eggs activated by the
cGMP analog, [Ca2/]i rose from 110 { 22 nM to 1.79 { 0.6
mM (n  10) after a 1.5- to 4-min delay (Fig. 3).
The longer time delay between injecting cGMP analog
and the rise in [Ca2/]i suggested that the Ca2/ release may
occur due to inhibition of cGMP-dependent phosphodiester-
ase (cGMP-PDE) activity rather than direct stimulation of
PKG in the eggs. A high-af®nity inhibitor of both binding
and hydrolytic activities of mammalian cGMP-PDE is ino-
sine 3*:5*-cyclic monophosphate (cIMP; Thomas et al.,
1992). Surprisingly, microinjection of 10±20 mM cIMP into
intact eggs triggered a fertilization-like rise in [Ca2/]i , which
was indistinguishable from the action of cGMP (data not
shown), and microinjection of 50±100 mM 5*-IMP was with-
out effect. Similarly, the addition of cIMP induced a dose-
dependent rise in Ca2/ in 10 mM b-NAD/-supplemented egg
FIG. 2. Proposed pathway for cGMP-induced Ca2/ release and
homogenates (Fig. 1B). Addition of 100 mM cIMP triggeredsites of action for activators and inhibitors. Ca2/ release induced
a 37.4 { 5.9% release of Catotal and a Tpeak of 7.5 { 1.2 minby cGMP is postulated to sequentially activate cGMP-dependent
(n  8), which are similar to the release in Ca2/ triggeredprotein kinase (PKG) and ADP-ribosyl cyclase (ADPRC) to trigger
by the addition of 50±100 mM cGMP. A variety of cGMP-the production of cyclic ADP-ribose (cADPR) from b-NAD/ (Gali-
PDE inhibitors (Weishaar et al., 1985), including 0.5 mMone et al., 1993a). The action of cADPR is mediated by cADPR-
binding protein (cADPR-BP) and calmodulin (CaM) to release Ca2/ zaprinast, 1 mM dipyridanole, and 200 mM 3-isobutyl-1-
(Lee et al., 1994) from endoplasmic reticulum (ER) by opening ryan- methylxanthine had no apparent effect on Ca2/ regulation
odine receptor Ca2/ channels (RYR). Activators and inhibitors as in egg homogenates or intact eggs. Thus, cIMP-induced Ca2/
indicated were used to examine this postulated cGMP-mediated release does not appear to be mediated by inhibiting cGMP-
pathway. Other abbreviations: Rp-8-pCPT-cGMPS, (Rp)-8-(para- PDE and the cause of a delayed response to the cGMP ana-
chlorophenylthio)guanosine 3*:5*-cyclic monophosphate; 3-AP
log, 8-Br-1,N2-PET-cGMP, remains unclear.NAD, 3-aminopyridine NAD/; NiAm, nicotinamide.
Inhibition of cGMP-Induced Ca2/ Release in Egg
Homogenates
Mobilization of Ca2/ by cGMP and Analogs
The dependence of cGMP-induced Ca2/ release on PKG
activity was further tested with (Rp)-8-pCPT-cGMPS,A variety of cGMP analogs have been synthesized and
used to characterize cGMP activation of PKG (Francis and which has been characterized as a selective inhibitor of PKG
activity in other cell types (Butt et al., 1994; Meriney et al.,Corbin, 1994). Several analogs have been shown to be selec-
tive activators of mammalian PKG. We tested the Ca2/ re- 1994). In the following experiments, 5% egg homogenates
were preincubated with the inhibitor at the desired concen-sponse in sea urchin homogenates and eggs to two groups
of cGMP analogs: 8-(2,4-dihydroxyphenylthio)-cGMP and tration for 10 min and subsequently the release of Ca2/ was
triggered by the additions of b-NAD/ and cGMP. Re-8-(2-aminophenylthio)-cGMP, which are speci®c to mam-
malian type 1a PKG; and 1,N2-(4-CH3O-PET)-cGMP and 8- cordings designated as 0 mM were addition of vehicle only,
which used the same amount of solvent as in the highestBr-1,N2-PET-cGMP, which activate both mammalian type
1a PKG and type 1b PKG (Sekhar et al., 1992). In 5% egg concentration of inhibitor treatment. (Rp)-8-pCPT-cGMPS
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FIG. 3. A transient rise in [Ca2/]i induced by a cGMP analog. Microinjection of some cGMP analogs, especially 8-Br-1,N2-PET-cGMP,
into unfertilized eggs induced a delayed Ca2/ response. In this recording the microinjection of 10 mM 8-Br-1,N2-PET-cGMP triggered a
delayed rise in [Ca2/]i from a preinjection level of 120 nM to a peak of 2.55 mM at 145 sec. A broad plateau during the recovery phase was
typical of most recordings and elevation of the fertilization envelope was con®rmed at t  4 min.
blocked the cGMP-induced Ca2/ release in a dose-depen- ml heparin (Dargie et al., 1990), which completely blocked
InsP3-induced Ca2/ release (Table 1).dent manner with an IC50 of 103.8 mM (Fig. 4). In the pres-
ence of 250 mM (Rp)-8-pCPT-cGMPS, the cGMP-induced A possible target of PKG is ADP-ribosyl cyclase, which
catalyzes synthesis of cADPR from b-NAD/ (Lee andCa2/ release was reduced 94.9 { 7.3% (n  3). (Rp)-8-pCPT-
cGMPS at 250 mM may have directly inhibited cADPR- Aarhus, 1991). An increase in the cADPR metabolite, ADP-
ribose, by the addition of cGMP has been reported in seainduced Ca2/ release because it slightly inhibited the action
of 100 nM cADPR without having any effect on Ca2/ release urchin egg homogenates (Galione et al., 1993b). This obser-
vation implied that the sea urchin ADP-ribosyl cyclase mayby 1 mM InsP3 (Table 1). A more potent inhibitor of cADPR
action was spermine, which has been reported to inhibit have similar properties as the bifunctional b-NAD/ glyco-
hydrolase (NADase), which not only synthesizes cADPRthe ryanodine receptor Ca2/ channels (Palade, 1987; Zarka
and Shoshan-Barmatz, 1992). Spermine at 4.8 mM com- from b-NAD/, but also hydrolyzes cADPR to ADP-ribose
(Kim et al., 1993). Therefore, bifunctional NADase inhibi-pletely blocked Ca2/ release by 100 nM cADPR and also
signi®cantly reduced the action of 1 mM InsP3 (Table 1). tors, which include NAD analogs (Yost and Anderson,
1982), may function as blockers of ADP-ribosyl cyclase. WeCa2/ release by 100 nM cADPR was insensitive to 1 mg/
found that 3-aminopyridine NAD (3-AP NAD) inhibited
cGMP-induced Ca2/ release in a dose-dependent manner
(Fig. 5). 3-AP NAD had an IC50 of 115.2 mM and at 200 mM
inhibited 95.4 { 8% (n  3) of the cGMP-induced Ca2/
release with no effect on Ca2/ release induced by 100 nM
cADPR addition (Fig. 5, Table 1). 3-Aminopyridine (200
mM), which is a nicotinamide analog and a less potent
NADase inhibitor (Yost and Anderson, 1982), did not block
the cGMP-induced Ca2/ release.
Ca2/ Release by cGMP in Intact Eggs and
Inhibition of the Ca2/ Transient during
Fertilization
The in vitro assays using egg homogenates suggest that
cGMP-triggered Ca2/ rise occurs through the production of
FIG. 4. (Rp)-8-pCPT-cGMPS blocked cGMP-induced Ca2/ release cADPR by sequential activations of PKG and ADP-ribosyl
in egg homogenates. Different concentrations of 0±250 mM of (Rp)-
cyclase. We tested if cGMP utilized the same pathway in8-pCPT-cGMPS were added to the egg homogenate at 10 min before
vivo and, more importantly, evaluated the contribution ofrecording. 10 mM b-NAD/ and 50 mM cGMP were added at t  50
the cGMP-induced Ca2/ release to the transient rise inand 100 sec, respectively. Increasing concentrations of the PKG
[Ca2/]i during fertilization. The pathway of cGMP-inducedinhibitor blocked cGMP-induced Ca2/ release. These records are
typical of three experiments. Ca2/ release in intact eggs was examined by antagonizing
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TABLE 1
Effects of PKG and NADase Inhibitors on cADPR- and InsP3-Induced Ca2/ Release in Sea Urchin Homogenates
N Percentage of Catotal Percentage of control
100 nM cADPR-induced Ca2/ release
Control 7 61.2 { 5.9 100.0 { 0.0
250 mM Rp-8-pCPT-cGMPS 3 47.2 { 3.1** 83.5 { 2.2**
200 mM 3-AP NAD 3 55.1 { 4.2 97.4 { 5.3
1 mg/ml heparin 3 61.6 { 1.8 103.8 { 3.0
4.8 mM spermine 3 3.0 { 0.8** 5.5 { 0.6**
1 mM InsP3-induced Ca2/ release
Control 7 49.1 { 3.1 100.0 { 0.0
250 mM Rp-8-pCPT-cGMPS 3 50.6 { 3.2 102.7 { 14.3
200 mM 3-AP NAD 3 55.1 { 4.2 104.5 { 7.1
1 mg/ml heparin 3 2.9 { 1.5** 4.8 { 2.5**
4.8 mM spermine 3 39.9 { 2.5* 84.7 { 5.3*
Note. The Catotal refers to the change in relative ¯uorescence induced by 5 mM of Br-A23187, which is de®ned as 100% Catotal , at the
end of each recording as described under Materials and Methods. Data is presented as means { standard deviation. Experimental values
are compared to control values for each set. The signi®cance of the difference between means is analyzed using Student's t test (two-
samples assuming unequal variances), with * for P  0.05 and ** for P  0.01.
PKG and ADP-ribosyl cyclase activities. Blocking either eggs were also preloaded with 0.5±1.3 mg/ml heparin,
PKG with (Rp)-8-pCPT-cGMPS or ADP-ribosyl cyclase with which had no effect on the block of cGMP-induced Ca2/
3-AP NAD consistently blocked Ca2/ release by injection release by PKG inhibitors (Fig. 6, Table 2). As shown in Fig.
of 10±20 mM cGMP (Table 2). Ca2/ release by cGMP was 6A, an egg was preloaded with 0.7 mg/ml heparin and
also blocked by the bath addition of 10 mM nicotinamide 420 mM (Rp)-8-pCPT-cGMPS, and the injection of 20
(NiAm, Table 2), which has been reported to inhibit ADP- mM cGMP triggered only a slight rise in [Ca2/]i from 110
ribosyl cyclase in renal epithelial cells (Beers et al., 1995) nM to a peak of 340 nM, which was probably due to the
and sea urchin eggs (Willmott et al., 1996). In order to reduce injection procedure. An egg preloaded with1 mg/ml hepa-
possible compensation by InsP3-dependent Ca2/ release, rin and100 mM 3-AP NAD had only a slight rise in [Ca2/]i
from 110 nM to a peak of 380 nM in response to microinjec-
tion of 25 mM cGMP (Fig. 6B). In Fig. 6C, a control egg
(egg 1) that was preloaded with 0.7 mg/ml heparin has a
Ca2/ transient from 90 nM to 1.55 mM with injection of
15 mM cGMP. NiAm (10 mM) was then added to the bath
and a second egg was preloaded with fura-2 and 0.7 mg/
ml heparin. The subsequent injection of20 mM cGMP did
not trigger a rise in [Ca2/]i , which fell from 140 to 102 nM.
The rise time of the Ca2/ transient as measured by the time
from half of the total rise in [Ca2/]i to peak ¯uorescence by
microinjection of cGMP is signi®cantly (P  0.01) slower
than that during fertilization (Table 2). Preloading eggs with
heparin had no signi®cant effect on the rise time of the Ca2/
transient by microinjection of cGMP or fertilization.
Although cGMP-induced Ca2/ release in intact eggs was
blocked by inhibiting either PKG or NADase activity, a
FIG. 5. 3-AP NAD blocked the cGMP-induced Ca2/ release in egg transient rise in [Ca2/]i was still observed in these eggs dur-
homogenates. Different concentrations from 0 to 200 mM of 3-AP ing fertilization (Fig. 6). In the egg preloaded with (Rp)-8-
NAD were added to the egg homogenates at 10 min before re- pCPT-cGMPS and heparin, the subsequent addition of di-
cording. 10 mM b-NAD/ and 50 mM cGMP were added at t  50 lute sperm suspension triggered a rise in [Ca2/]i from 128and 100 sec, respectively, and increasing concentrations of 3-AP
nM to a peak of 3.2 mM after a delay of 3 min (Fig. 6A).NAD inhibited cGMP-induced Ca2/ release. In the presence of 200
Similarly the eggs that had been preloaded with 3-AP NADmM 3-AP NAD, cGMP failed to release Ca2/; however, the subse-
or NiAm in the presence of heparin had a transient peakquent addition at t  920 sec of 100 nM cADPR triggered Ca2/
[Ca2/]i of 1.8 mM after a delay of 4.5 min (Fig. 6B) and 1.85release that was similar to control. These records are typical of
three experiments. mM after a delay of 1.5 min (Fig. 6C), respectively. The
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increase in latent period or delay in the onset of the Ca2/
transient during fertilization is characteristic of eggs pre-
loaded with heparin (Crossley et al., 1991; Mohri et al.,
1995). Since these eggs were also preloaded with heparin to
prevent compensatory Ca2/ release by InsP3, the presence
of a Ca2/ transient during fertilization suggests the cGMP-
mediated pathway is not required for Ca2/ release.
In these experiments the prior injection of cGMP may
have compromised the action of the cGMP pathway inhibi-
tors and a second set of experiments were conducted. The
effects of inhibitors on sperm-induced Ca2/ release were
determined separately from the microinjection of cGMP
and are summarized in Table 2. The pretreatment of unfer-
tilized eggs with cGMP pathway inhibitors alone or in com-
bination with heparin did not block the Ca2/ transient dur-
ing fertilization. The cGMP pathway inhibitors had no sig-
ni®cant effect on the latent period, unless they were tested
in combination with heparin, nor did the inhibitors signi®-
cantly affect the rate of rise in [Ca2/]i for sperm-induced
Ca2/ release. In some cases the inhibitors did slightly reduce
the peak [Ca2/]i of the response. Preloading eggs with 3-AP
NAD alone reduced (P  0.05) the peak response during
fertilization. The combination of heparin and the cGMP
pathway inhibitors also reduced (P  0.01) the peak [Ca2/]i
(Table 2). A typical experiment series is illustrated in Fig.
7, where ``S'' marks the small increase in [Ca2/]i at the begin-
ning of the latent period (Whitaker et al., 1989). An egg
preloaded with 200 mM 3-AP NAD had a similar Ca2/
transient during fertilization to that of a control egg with
peak [Ca2/]i of 1.49 and 1.63 mM, respectively. The latent
period of eggs preloaded with heparin increased to 40 sec
from a latent period of 13 sec for the control fertilization
reaction. Otherwise, the kinetics of sperm-induced Ca2/ re-
lease was unchanged by preloading 0.8 mg/ml heparin.
The combination of 190 mM 3-AP NAD with 0.9 mg/
ml heparin also slightly reduced the peak [Ca2/]i of the fertil-
ization response to 1.24 mM.
DISCUSSION
In this study we have provided further evidence for the
involvements of cGMP-dependent protein kinase and ADP-
ribosyl cyclase in the cGMP-induced Ca2/ release in sea
urchin homogenates and extended the hypothesis (Galione
et al., 1993b) to intact eggs. In the intact eggs, inhibitors of
PKG and NADase activities blocked cGMP-induced Ca2/
release. Since the mechanism of sperm-induced egg activa-
tion remains unclear (Shen, 1995), we examined the possible
participation of the cGMP-activated Ca2/ release pathway
in the transient rise in [Ca2/]i during fertilization. We used
low-molecular-weight heparin, which has no effect on
cGMP-dependent (Whalley et al., 1992) or cADPR-induced
(Dargie et al., 1990) Ca2/ release, to reduce InsP3 activity
(Rakow and Shen, 1990; Crossley et al., 1991). In all eggs
treated with either PKG or NADase inhibitors, which had
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(Fig. 6) or should have had (Table 2) no signi®cant Ca2/
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FIG. 6. (A) (Rp)-8-pCPT cGMPS blocked cGMP-induced Ca2/ release in heparin-loaded eggs, but not the transient rise in [Ca2/]i
during fertilization. This egg was preloaded with 0.7 mg/ml heparin and 420 mM (Rp)-8-pCPT cGMPS. At t  0, the egg was
injected with 20 mM cGMP, which only caused a brief rise in Ca2/ from 110 to 340 nM. At t  3 min, dilute sperm suspension
(S) was added to the dish and a rise in [Ca2/]i from 128 nM to a peak of 3.2 mM was observed after a delay of 3 min. (B) 3-AP NAD
blocked cGMP-induced Ca2/ release in heparin-loaded eggs, but not the transient rise in [Ca2/]i during fertilization. This egg was
preloaded with 1 mg/ml heparin and 100 mM 3-AP NAD. At t  0, the egg was injected with 25 mM cGMP, which caused a
slight Ca2/ release from 110 to 380 nM. At t  6.8 min, dilute sperm suspension (S) was added to the dish and a rise in [Ca2/]i from
100 nM to a peak of 1.8 mM was observed after a delay of 4.5 min. The amount of microinjected cGMP was quantitated between
3 and 4 min and the recording from 2 to 6 min was compressed. (C) NiAm blocked cGMP-induced Ca2/ release in heparin-loaded
eggs, but not the transient rise in [Ca2/]i during fertilization. A control egg (egg 1) that was preloaded with 0.7 mg/ml low-
molecular-weight heparin had a Ca2/ transient from 90 nM to 1.55 mM with injection of 15 mM cGMP. At t  12 min, 10 mM
NiAm was added to the bath and a second egg was preloaded with fura-2 and 0.7 mg/ml heparin. The injection of 20 mM cGMP
did not cause a rise in [Ca2/]i , which fell from 140 to 102 nM. The subsequent addition of dilute sperm suspension (S) induced a
transient rise in [Ca2/]i to 1.85 mM after a delay of 90 sec. The recording from 9 to 18 min was compressed.
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FIG. 7. A Ca2/ response during fertilization occurred in eggs which were preloaded with heparin and/or 3-AP NAD. In these sample
recordings, unfertilized eggs were preloaded with heparin (H) and/or 3-AP NAD and then fertilized. Although the presence of inhibitors
had effects on the kinetics of Ca2/ release, which are summarized in Table 2 and the text, a transient rise in [Ca2/]i was always observed
subsequent to the addition of sperm. The individual recordings were aligned with t  0 when the small increase in [Ca2/]i at the beginning
of the latent period was observed and marked with ``S.''
response to injection of cGMP, a delayed transient rise in 0.7±1.0 mg/ml heparin, the InsP3-dependent Ca2/ transient
was delayed but not fully suppressed (Mohri et al., 1995).[Ca2/]i during subsequent fertilization was still observed.
Our observations are inconsistent with the proposal of dual Another possibility is that another heparin-insensitive Ca2/
release pathway is utilized during fertilization. In sea urchinredundant InsP3- and cADPR-dependent Ca2/ release mech-
anisms during fertilization (Galione et al., 1993a; Lee et al., eggs a new mechanism for Ca2/ release by nicotinic acid
adenine dinucleotide phosphate (NAADP) has been reported1993). Instead, these results are consistent with the idea
that the primary required Ca2/ release during fertilization (Lee and Aarhus, 1995; Chini et al., 1995a; Perez-Terzic et
al., 1995). Ca2/ release by NAADP is insensitive to heparinis InsP3-dependent (Mohri et al., 1995).
The idea of InsP3-insensitive Ca2/ release during fertiliza- and antagonists of cADPR-dependent Ca2/ release (Chini et
al., 1995b; Graeff et al., 1995). Third, it may also be possibletion was proposed due to observations of a rise in [Ca2/]i
during fertilization in heparin-loaded eggs (Rakow and that compartmentation of the Ca2/ mobilizing agents or
inhibitors might occur, such that local concentrations ofShen, 1990; Crossley et al., 1991). This conclusion was
based on the observations that injections of 0.1 to 0.3 mg/ natural Ca2/ release agonists might be suf®cient during fer-
tilization. This possibility is particularly intriguing becauseml heparin (®nal intracellular concentration) blocked Ca2/
release by injected InsP3 and GTPgS. The latter has been it otherwise appears that the generation of cADPR is not
required during fertilization, since neither 3-AP NAD orshown to activate endogenous InsP3 production (Crossley
et al., 1991). Subsequent ®ndings concerning the ryanodine- NiAm inhibited the Ca2/ response during fertilization (Ta-
ble 2). Although the effect of 3-AP NAD on cADPR produc-sensitive Ca2/ release mechanism that is cADPR-activated
(Galione and White, 1994; Shen, 1995) further supported tion in the sea urchin egg has not been directly measured,
we have found that 10 mM NiAm also blocked cGMP-in-the idea of InsP3-independent Ca2/ release. A recent report
(Mohri et al., 1995) has suggested that InsP3-dependent Ca2/ duced Ca2/ release in intact eggs without inhibiting the
sperm-induced rise in [Ca2/]i in heparin-loaded eggs. NiAmrelease is the primary prerequisite pathway during fertiliza-
tion because higher levels of heparin to 1 mg/ml causes a was recently reported to be a potent inhibitor of cADPR
production in opossum kidney renal epithelial cells (Beersconcentration-dependent inhibition of the sperm-induced
rise in [Ca2/]i , such that high levels of heparin can entirely et al., 1995) and sea urchin homogenates (Willmott et al.,
1996). Furthermore, we have shown that 3-AP NAD blockedsuppress Ca2/ release during monospermic fertilization. In
this study we used 0.7±1.0 mg/ml heparin to reduce InsP3- cGMP-induced Ca2/ release without inhibiting the direct
action of cADPR (Table 1). Surprisingly, the presence of 10dependent Ca2/ release during fertilization. This level of
heparin did not affect Ca2/ release by microinjection of ei- mM NiAm did not appear to perturb early embryogenesis
of the sea urchin to gastrulation.ther cGMP or cADPR. Several possible explanations may
account for our observations that the additional presence This study also provides some additional information
about PKG-regulated Ca2/ release in sea urchin eggs. Acti-of PKG or NADase inhibitors did not prevent the rise in
[Ca2/]i in these heparin-loaded eggs during fertilization. The vation of PKG was suggested to mediate Ca2/ release by
cGMP; however, the effective cGMP concentrations of 10±most direct explanation is that InsP3-mediated Ca2/ release
is indeed the primary prerequisite mechanism underlying 20 mM in intact eggs (Whalley et al., 1992) and 50 mM in b-
NAD/-supplemented egg homogenates (Galione et al.,generation of the rise in [Ca2/]i during fertilization and at
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